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(54) Method of operating a thermal swing adsorption system and corresponding apparatus 



(57 ) A method of operating a thermal swing adsorp- 
tion process by determining a parameter relating to the 
water content of a feed gas selecting process conditions 
for regeneration of the adsorbent in the thermal swing 
adsorption process based on the parameter and modi- 
fying the regeneration process conditions to accord with 



the selected process conditions for regeneration is dis- 
closed. Apparatus for effecting this adsorption method 
and apparatus in which regeneration conditions are 
modified based on the actual ambient water content of 
the feed gas are also disclosed. 
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for examp.e water which may be present m a feed gas . necessary wh ^ ^ ^ may 

Hydrocarbon gases, for example «*J-"*^^ from a feed gas by adsorption on to a 

[0003] Several methods are known ^^SS^^P^ swi "9 adsorpt,0n (PSA) ' 
solid adsorbentincludingtemperaturesw.n^ 
swing adsorption (IPSA) and thermally e J™^^^ 
[0004] Generally, inthesepioceasesw^ 

with one or more adsorbents which adsorb may typically be a molecular sieve 

silica gel. alumina or a molecular s.eve and the carbon dnwta djoxide b passing »he feed gas through 
for exLpleazeoliteMtis conventional = 

rrrmT^ 

for the efficient operation of downstream processes. adS orbent bed and the adsorbent is exposed to a 

air compressor (MAC) followed by ^^^^^^Z ^ of the water is removed in this step by 
be further cooled using for example refngera e^lene 9^1- The J ^ ^ ^ a|umina/ 

condensation and separation of the condensate. The gas is *»P«J2£ \ removed by aasorp tion. By using two 

heat pulse is allowed to proceed out of the downstream «^£^«S««rt which has been adsorbed on 
During the regeneration process, heat must be supphed **^^J5^K wast e stream from a downstream 

« thanthatofthefeedgasandthechangempressu^ 

Regeneration is suitably commenced ^^^£Tf!SSSl» process of regeneration and the heat which 
stream end of the bed. The direction of the heat pulse "JJJJ^*^ J, ^ bed and used for desorbing that corn- 
derived from the adsorption of the gas J™ heat me regeneration gas. 
ponent during regeneration. ~ n * a *^ carbon dioxide and water from the 
so [0009] Thermal pressure swing adsorption^ (TPSA , .s so ma o ads0 rption medium is disposed for 
Seed gas. In a TPSA system water ^fl^Ler^Z^Z a molecular sieve for the adsorption of carbon 
example activated alumina or silica gel. A "J™JJ™J for adS orption of water conventionally are 
dioxide is typically employed and the m0,e ~^ n e '^e^ 

separate. By contrast with a TSA system water does ^^^^ er t0 desor b the water from the molecular 
55 advantageously avoids the need to input j ^W^**™™ ^™^ 

sieve layer. A TPSA process f^SS^S^iSS^ stage regeneration process in which caribon 
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occurs by feeding a regeneration gas at a pressure lower than the feed stream and a temperature greater than the 
feed stream and subsequently replacing the hot regeneration gas by a cold regeneration gas. The heated regenerating 
gas allows the cycle time to be extended as compared to that of a PSA system so reducing switch losses as heat 
generated by adsorption within the bed may be replaced in part by the heat from the hot regeneration gas. A TEPSA 

5 process is described in US-A-5614000. 

[0011] In contrast to PSA, TSA, TEPSA and TPSA all require the input of thermal energy by means of heating the 
regeneration gas but each procedure has its own characteristic advantages and disadvantages. The temperatures 
needed for the regenerating gas are typically sufficiently high, for example 100°C to 200°C, as to place demands on 
the system engineering which increases costs. Typically, there will be more than one unwanted gas component which 

10 is removed in the process and generally one or more of these components will adsorb strongly for example water, and 
another much more weakly for example carbon dioxide. The high temperature used for regenerating needs to be 
sufficient for the desorption of the more strongly adsorbed component. 

[001 2] The high temperature employed in a TSA TPSA and TEPSA systems may require the use of insulated vessels, 
a regeneration gas preheater and an inlet end precooler and generally the high temperatures impose a more stringent 
15 and costly mechanical specification for the system. In operation, there is extra energy cost associated with using the 
purge preheater. 

[001 3] The PSA system avoids many of these disadvantages by avoiding the need for coping with high temperatures, 
although the short cycle time which characterises PSA brings its own disadvantages. 

[0014] EP-A-925821 describes a method for operation of a pressure swing adsorber in a PSA process air pre-purifier 
20 which takes into account inlet air conditions. The object of the invention in EP-A-925821 is to provide an improved 
method for controlling the cycle time of a PSA air pre-purifier and continuous control is exerted depending on parameters 
of inlet air feed. Air feed conditions are monitored to ascertain the moisture content of air being fed into the adsorber. 
EP-A-925821 is not concerned with TSA, TPSA or TEPSA processes. 

[0015] In designing a TSA, TEPSA or TPSA system, one conventionally takes account of ambient prevailing condi- 
25 tions in the locality in which the process is to be operated as the level of water in the feed gas changes according to 
variations in local temperature and relative humidity. These factors vary on a continuous basis and daily or seasonal 
differences may be high and hence the level of water in the feed gas may vary considerably. Conventionally, operating 
parameters in TSA.TEPSA and TPSA processes have been selected to take account of the most adverse ambient 
conditions likely to encountered to ensure efficient operation of the process. The process conditions are pre-selected 
30 and remain constant during operation in order to ensure that the feed gas having the highest likely content of water 
may be processed without risk of exceeding the capacity of the system to remove water and so avoiding water being 
passed to a downstream process. 

[0016] The inventors have now found that TSA. TEPSA and TPSA systems need not be operated under constant 
conditions sufficient to cope with the most adverse ambient conditions likely to be encountered as is presently the norm 
35 but, surprisingly, the process operating conditions may be varied according to fluctuations in the ambient conditions 
by measuring one or more parameters relating to the composition of the feed gas to provide major energy savings yet 
still operate the process efficiently. 

[0017] Accordingly, a first aspect of the invention provides a method of operating a thermal swing adsorption process 
which comprises determining directly or indirectly one or more parameters relating to the water content of a feed gas 

40 comprising water and carbon dioxide in a thermal swing adsorption process in which water and carbon dioxide are 
removed by adsorption onto at least one adsorbent, selecting process conditions for regeneration of the at least one 
adsorbent in the thermal swing adsorption process based on said parameters and modifying the regeneration process 
conditions to accord with the selected process conditions for regeneration such that adsorbed water and carbon dioxide 
is desorbed thereby regenerating the at least one adsorbent. 

45 [0018] The process conditions for regeneration are selected so as to enable complete regeneration of the adsorbent 
and are based on the actual water content of the feed gas as determined. The selected process conditions for regen- 
eration are generally not sufficient to regenerate the adsorbent under the most adverse ambient conditions prevailing 
in the environment of the plant in which the process is operated unless the actual ambient conditions correspond to 
the most adverse ambient conditions. Those skilled in the art will be able to determine the most adverse ambient 

50 conditions in any given location, for example in the manner that such conditions would be determined in designing and 
operating a conventional TSA process. 

[0019] Advantageously this method requires less thermal energy to be consumed in the process than would be 
consumed under the conventional operating regime. Furthermore, the power requirements of a main air compressor 
typically employed in TSA processes may be significantly reduced compared to that in conventional operation. Deter- 
55 mining the actual water content of the feed gas rather than relying on the assumed higher content found under the 
most adverse ambient conditions permits the process to be operated with a reduced input of energy with the energy 
saving being that which would otherwise have been expended to take account of the difference in the actual water 
content and the theoretical maximum water content under most adverse ambient conditions. Accordingly a larger pro- 
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reduC anew TX2^Z£2ZSZ£Z£* *** «"™- * inP "' * 

[0020] By the term -then™! s«nng «WPM ^ E pSl °Se S J addition te TSA unless othere/iee stated, 
regenerate the adsorbent and Includes TPSA and TEPSA >™?"V££ ^ 6e natljra | gas or synthetic gas. 

S S ' The„aterads™ten r ^ 

[0024] Preferably, the water adsorb and «rt^^^ P desired . 

dioxide adsorbent downstrean^ 

roo251 Carbon dioxide may be present in the reea gas ai any .evo. ^ 

gas from the process. tpmoerature of -50 to 80°C and preferably 0 to 60°C, 

"I^KE SST-SSE SSS^SSSi H preferebiy 200000 ,0 4000000 

^u^OOOOo'end ^^'St- and ccntected -h te. adsrtbent. 
[002»] In a cyclical process, the feed gas is '"^"ed 'nte an S „S SnTv.ater.cart>ondicxldeandcptlcnally 
LteWyinteefermofebed.Astee mixture paaaes f^,^ "*^„ 8 ^^ ^ a ds«p«en zone. Dortng 
oteer high bolting components are adsorbed and tee ""^^pa^^g? a, desired, tee adsorption 
tee precess a tart of the gas te IX .adeemed subiected to e reduced pressure and 

rtteeSSTed gas dudng regenereOen by feeding a •^Z^^^ a ^ 5k u,ed te tee ad. 

a. ^r^TsSrtCS^.^^--"" 

preferably 0.2 to 0.5. m „Hif.od in resDonse to the one or more parameters relating 

5,033] The regeneration process conditions which are mod^d » and jts temp erature. 

to the water content of the feed gas ^^^^^^^SZtor a period of 60 to 600 minutes and 
[0034] Suitably in a TSA ^g£^£^£5S£& to adsorption unit zone for a period of 
« preferably 70 to 300 minutes. In a TEPSA process ine icou y 

10 to 80 minutes and preferably 20 to 60 minutes. reduction of the level of carbon dioxide 

[0035] in a preferred embodiment, the an adsorbent, contacting 

and water in a feed gas comprising, passing ^ ^f^^Uom the gas and passing the gas depleted in 
the gas with said adsorbent so as to remove ' 
so vwterandcaibondtoddetoacryogenicsepara 

in carbon dioxide and water is recovered wne r^ direct,y » 

to pre-determined regeneration conditions ^7ST^^^^ "™ tne adsorbent ' 
or more parameters relating to the water «^^to^h.SS one or more parameters and modifying the regen- 
conditions for regeneration of the adsorbent *"^*£Z£S£ Sr regeneration. 
55 eration process conditions to accord with the selected process wndfflons » g ^ 

[0036] As previously noted, the feed gas may Status for modifying regeneration process 
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adsorbent thereby depleting the gas in water and carbon dioxide and the adsorbent is regenerated by contacting a 
heated regeneration gas with the adsorbent so as to desorb at least part of the adsorbed carbon dioxide and water, 
which apparatus comprises regeneration process condition control means, sensor means for determining one or more 
parameters relating to the water content of the feed gas and control means capable of receiving information relating 
5 to the said one or more parameters from the sensor means, calculating process conditions required to provide sufficient 
energy to effect desorption of the adsorbed carbon dioxide and optionally water based on the information received 
from said sensor means and sending a signal to the regeneration process condition control means to modify the process 
conditions to accord with the calculated conditions. 

[0038] Suitably the regeneration process control means comprises flow control means for controlling the flow of 
10 regeneration gas and/or temperature control means for controlling the heating of the regeneration gas. 

[0039] The invention also provides TSA apparatus comprising a first adsorption vessel and a second adsorption 
vessel, a feed gas inlet assembly in fluid communication with both vessels, an outlet assembly in fluid communication 
with both vessels the vessels being arranged in parallel paths, flow control means to permit the feed gas to pass 
alternately through each vessel and to the outlet assembly, a regeneration assembly comprising a conduit in fluid 
15 communication with the outlet assembly and a heater whereby a heated regeneration gas is able to be passed into 
the vessels alternately and TSA process control means as herein described arranged so as to determine one or more 
parameters relating to the water content of a feed gas to be fed to the inlet assembly and, to modify the regeneration 
process conditions based on the said parameters. 

[0040] Figure 1 schematically represents a preferred embodiment of apparatus according to the invention which is 

20 suitable for use in a process according to a preferred embodiment of the invention. 

[0041] In Figure 1, air to be purified is fed to a main air compressor (MAC), 1 , in which it is compressed and then 
fed to a cooler, 2 so as to condense at least some of the water vapour from the cooled compressed air. The compressed 
cooled air is fed to a separator, 3, which acts to remove water droplets from the feed. The separator is connected to 
an inlet, 4, in which the flow path divides into two paths, 5 and 6, having inlet control valves, 7 and 8 respectively. 

25 Downstream of the control valves, 7 and 8, the inlet paths, 5 and 6. are bridged by a vent, 9, containing vent valves, 
10 and 11. A silencer, 12, is connected to the vent, 9. Adsorption vessels. 13 and 14, are connected to the two inlet 
paths, 5 and 6, downstream of the vent, 9. Each vessel, 13 and 14, contains an adsorbent bed typically containing two 
adsorbents, 15 and 16 and 15' and 16' respectively. The upstream portion of the adsorbent beds, 15 and 15\ contains 
an adsorbent for removing water, for example activated alumina or modified alumina and the downstream portion of 

30 the adsorption beds, 16 and 16\ contains adsorbent for the removal of carbon dioxide, for example zeolite. Outlet 
paths, 17 and 18, are connected to each adsorption vessel, 13 and 14, and have outlet control valves, 19 and 20. The 
separate outlet paths, 1 7 and 1 8 join downstream of the control valves, 1 9 and 20, to provide a single outlet, 21 , which 
suitably is connected to downstream processing apparatus for example a cryogenic air separator (not shown). Up- 
stream of the outlet control valves, 19 and 20, the outlet paths, 17 and 18, are bridged by a regenerating gas inlet, 22, 

35 the bridge containing regenerating gas control valves, 23 and 24. A further bridging line, 25, upstream from the regen- 
erating gas inlet, 22, also contains a control valve, 26. 

[0042] The regenerating gas inlet, 22, is connected to apparatus for supplying the regenerating gas which contains 
a regenerating gas feed, 27, which may pass either through a heater, 28, of through a bypass line, 29, to the regenerating 
gas inlet, 22. Control valves, 30 and 31, are provided to control the flow and path of the regeneration gas. The regen- 
40 eration gas suitably is obtained from the downstream processing apparatus fed by outlet 21 . 

[0043] Suitably any or all of the valves are controllable by means of programmable timing means and valve opening 
means known in the art which are not illustrated for the sake of clarity. 

[0044] A flow indicator control 32 is provided in the regenerating gas feed, 27, to measure and control the flow of 
the regenerating gas to the inlet, 22. The flow indicator controller, 32, is linked to a temperature indicator controller, 

45 33, which is linked to a heat sequencer, 34 for controlling the heating of the regenerating gas. A temperature sensor, 
35, is linked to the temperature indicator controller, 33, and is located so as to be able to measure the temperature of 
the feed gas. As the feed gas is at this point saturated with water (RH=100%) the temperature provides the water 
content of the feed gas. Other means of measuring one or more parameters relating to the water content of the feed 
gas which is passed to the inlet, 4 may be used. 

so [0045] In use, air is compressed in the MAC, 1, and then fed to the inlet, 4, via the cooler 2 and separator 3, and 
passes through one of the two adsorbent vessels, 13 and 14, (the "on-line" vessel) in the downstream direction. The 
other adsorbent vessel, receives regenerating gas from inlet 22 which flows in the opposite direction to the flow of air 
in the first adsorption vessel. 

[0046] With vessel 13 on-line, air passes through open valve 7 to vessel 13 and through open valve 19 to the outlet 
55 21 for downstream processing. Valve 8 is closed as adsorption vessel 14 is cut off from the air feed. Valves 20, 23, 24, 
26, 10 and 11 are all closed. To commence regeneration of the bed in adsorption vessel 14, valve 11 is opened to 
depressurise the vessel 14 and valve 24 is opened to allow a flow of regenerating gas to pass through adsorption 
vessel 14. The regenerating gas typically will be a flow of dry, carbon dioxide-free nitrogen obtained from a downstream 
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to paas .hrough »>a heata, 28 and .o ba baa!* I to "^"^2SSSJi>.««. 14ca*on*«la.lada«xb«l 
vassal 14atU,araqui.ebta,npe,atu.a.fer^ ,„ asme hea ,„ava paasas 

vaaaat 14 a* dia^acaa lha baat pu.se Arte, ^ „ a s. by virtua of its raducaa 

^^^^^^^^^^^^^ 

- K w =rb^ 

ating gas based on the water content of the feed gas ana oy mea 35 may dete rmine pa- 

cvom piP 1 and Compa ~«"° Samples A and B 
25 Fixed Cvcle Tir" ° Variable Heater Duty 

W Aba^pbc^saac^.^^^ 

power reductions over conventional TSA. 



35 



40 



45 



50 



55 



Table 1 



Parameter 



Air Flow 



Pressure 



Purge Pressure 



Max Pulse Temp 



P/A 



Nm 3 /h 



N/m 2 



N/m 2 



Comparative B 



130000 



520000 



Heat Required 



0.50 



1109.06 



130000 



Comparative A 



130000 



520000 



0.50 



248.63 



110000 



0.00330 
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temperature of 40°C was assumed, reflecting the most adverse ambient conditions. Accordingly the heat required for 
regeneration in Example 1 is much less than that in the Comparative Examples A and B permitting a lower maximum 
pulse temperature and, as compared to Comparative Example B, a much shorter "on-line" time. In short a lower level 
of heat was required for a shorter period of time to effect regeneration as a result of modifying the regeneration process 
5 conditions based on the actual water content of the feed rather than the estimated content under most adverse ambient 
conditions. 

EXAMPLE 2 and Comparative C 

10 Variable Cycle Time, Variable P/A Ratio 

[0054] An adsorption process according to the invention was carried out using the apparatus set out in Table 2. For 
comparative purposes a TEPSA process was operated using the same apparatus but without determining the water 
content of the feed gas. 



Table 2 



Parameter 


Units 


Example 2 


Comparative C 


Air Flow 


Nm 3 /h 


130000 


130000 


Pressure 


N/m 2 


520000 


520000 


Purge Side Bed & Circuit Pressure Drop 


N/m 2 


5172 


20700 


Feed Temp 


°C 


21 (winter) 


40 (peak summer) 


On Line 


min 


169.00 


117.00 


Heat Time 


min 


43.00 


43.00 


Max Pulse Temp 


°C 


130.00 


110.00 ! 


P/A 




0.25 


0.50 


Heat Required 


kW 


290.84 


428.67 


Regen Power Utilisation 


kW/Nm 3 .h air 


0.00224 


0.00330 


Ratio Supplied/ Desorption Heat 




0.2900000 


0.4000000 


MAC Power Including Regeneration Circuit 


kW 


8699 


9176 


Seasonally Adjusted MAC Power Reduction Due to 
Regeneration Circuit 


kW 


238 


0.000 



[0055] The figure for the yearly adjusted power reduction assumes that the process is operated with reduced MAC 

40 power for 50% of the time. 

[0056] The quantity of the adsorbent in an air purification system is determined based on worse feed conditions or 
water loading experienced in the most adverse conditions, typically the peak of summer . In TPSA and TEPSA, when 
the feed gas is below the peak feed temperature it will be loaded with less water. The results in Table 2 show that the 
cooling period may be increased and/or the P/A ratio may be reduced by using the present invention. As the frequency 

45 of the heater usage is reduced the overall power utilisation will also be reduced. The results demonstrate that the power 
load may be reduced by over 30% by employing the present invention. 

[0057] In Example 2, less heat is required so permitting the heat pulse to move through the adsorbent more slowly 
than in Comparative Example C at a constant heating time. The reduced flow enables, surprisingly, a higher regener- 
ation temperature to be employed yet still satisfy a significantly reduced overall heat requirement. 

so [0058] By adjusting the P/A ratio, Example 2 demonstrates that power reduction of the main air compressor (MAC) 
may also be achieved. In a downstream process of cryogenic air purification by distillation air is compressed in the 
main air compressor (MAC) and then cooled, passed through an adsorbent bed and then to a cryogenic air separation 
unit. The regeneration gas typically derives from the waste stream from the cryogenic distillation system. The pressure 
drop of this circuit has multiplying impact on the MAC power of the order of three times. By operating the process at 

55 a lower P/A ratio, less MAC energy is required due to the reduced purge flow and so reduced loss of compressed air. 
The MAC power requirements, in a large air separation unit are shown in Table 2 and the present invention provides 
a reduced MAC power requirement. 
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saving is in addition to banems ot reducing regeneration power. 
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Amethodofoperatingatherma^^^^^ 

or more parameters relating to the water conte n of a feed ga * * 6on onto at le ast one adsorb- 

swing adsorption process in which water •"*°^^£Z£?2^ in the thermai swing adsorption 
cnt, selecting process conditions te ^^££^ n °^ conditions to accord with the selected 

the at least one adsorbent 

2 . a method aeoonding to claim , in * ma .and gas is saiaotad *. synth* gas, natora, gas and * 
3 A method according to claim 2 in which the lead gas is air. 

a 6 A method according to claim 5 in which the zeolite is zeolite X. 

7 A^^^a^oaao.mep^iog^rn.in^th.^^.a.a^a^o.^t.^C. 

30 at a temperature of 80 to 400°C. 

'■-^^ 

x 10 . An ^ a «oh«ng»c te ,mg,n^a W ^^g«^ap^o,^e ) ,0000C0^. 
Him 2 . 

40 1,Amethodforthereduc«onof^ 

to an adsorption zone contam.ng an adsorbent, ^°Seted in water and carbon dioxide to a cryogenic sepa.at.on 
carbon dioxide from the gas and passmg * e n ^ f P ^ a ^eSeted in carbon dioxide and water is recovered 
process in which at least one of the components of* * gas ^ pre -determined regeneration con- 

wherein the adsorbent is regenerated by heat ;"^ Sirectly one or more parameters relating to 

ditions said regeneration process f^^^^S^Z^Q process conditions for regenera«on of 

S aSrdwith the selected process conditions for regeneration. 
13. A method according to claim 12 in which the feed gas is selected from natural gas, synthetic and air. 
14 A method according to claim 13 in which the feed gas is air. 

„ A method aocording to an y „ o, oiaima - ---- - — « -— ~ — " * 

activated alumina, impregnated alumina, and a molecular s.eve. 

• . . m is comorisina a first adsorbent selected from silica gel. activated alumina, impreg- 
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17. A method according to claim 16 in which the zeolite is zeolite X. 

18. A method according to any one of claims 12 to 17 in which the feed gas is at a temperature of -50 to 80*0. 

5 19. A method according to any one of claims 12 to 18 in which the regeneration of the adsorbent is carried out at a 
temperature of 80 to 400°C. 

20. A method according to any one of claims 1 2 to 1 9 in which the adsorbent is regenerated by means of a regeneration 
gas and the molar ratio of regeneration gas to feed gas is 0.1 to 0.8. 

10 

21. A method according to claim 20 in which the regeneration gas is at a pressure of 50000 to 1000000 N/m 2 . 

22. A method according to any one of claims 12 to 21 in which the feed gas is at a pressure of 200000 to 4000000 N/m 2 . 

15 23. Process control apparatus for modifying regeneration process conditions in a TSA process in which a feed gas is 
fed to an adsorbent, water and carbon dioxide are adsorbed on the adsorbent thereby depleting the gas in water 
and carbon dioxide and the adsorbent is regenerated by contacting a heated regeneration gas with the adsorbent 
so as to desorb at least part of the adsorbed carbon dioxide and water, which apparatus comprises regeneration 
process condition control means, sensor means for determining one or more parameters relating to the water 

20 content of the feed gas and control means capable of receiving information relating to the said one or more pa- 

rameters from the sensor means, calculating process conditions required to provide sufficient energy to effect 
desorption of the adsorbed carbon dioxide and water based on the information received from said sensor means 
and sending a signal to the regeneration process condition control means to modify the process conditions to 
accord with the calculated conditions. 

25 

24. Apparatus according to claim 23 in which the regeneration process control means comprises flow control means 
for controlling the flow of regeneration gas and/or temperature control means for controlling the heating of the 
regeneration gas. 

30 25. Apparatus comprising a first adsorption vessel and a second adsorption vessel, a feed gas inlet assembly in fluid 
communication with both vessels, an outlet assembly in fluid communication with both vessels, the vessels being 
arranged in parallel paths flow control means to permit the feed gas to pass alternately through each vessel and 
to the outlet assembly, a regeneration assembly comprising a conduit in fluid communication with the outlet as- 
sembly and a heater whereby a heated regeneration gas is able to be passed into the vessels alternately and TSA 

35 process control apparatus according to claim 24 arranged so as to determine one or more parameters relating to 

the water content of a feed gas to be fed to the inlet assembly and to modify the regeneration process conditions 
based on the said parameters. 

40 
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